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Abstract 
The Crago double flotation process is widely used for upgrading raw phosphate in Florida.  However, it is a water-based physico-
chemical process and consumes a huge amount of water and chemicals and is not efficient to remove dolomite from phosphate.  In 
addition, the final phosphate flotation concentrate often has a grade of 30-31% P2O5, which is below the BPL content of 75% (or 34.3% 
P2O5) required for making the animal feed grade phosphate.  This study is performed to evaluate the potential and feasibility of the 
innovative rotary triboelectrostatic separator (RTS) as a dry phosphate beneficiation process.   The RTS technology is characterized by an 
innovative high efficiency rotary charger, charger electrification, laminar air flow, independent control of charging and separation 
condition, low energy consumption, etc.  Compared to conventional triboelectrostatic separators, the unique RTS technology offers 
multiple technical advantages: 1) increase particle charge density 4-6 times; 2) improve solids throughput by an order of magnitude; 3) 
enhance process efficiency by up to 70%; 4) reduce overall energy consumption by more than 80%.  A laboratory scale prototype RTS 
unit has been used to investigate the effects of major process parameters on particle charging efficiency and phosphate separation 
efficiency for Florida phosphate samples.  Experimental results have shown that the RTS technology upgraded a 10% P2O5 feed (16-35 
mesh) to a 30% P2O5 concentrate with a P2O5 recovery of more than 85% and acid insoluble rejection of almost 90%; it also purified a 
flotation concentrate with 31% P2O5 to nearly 35% P2O5.  RTS also significantly reduced MgO content from a pulverized high dolomite 
pebble sample. 
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Nomenclature 
E electric field intensity (V/cm) 
g gravitational acceleration (cm/s2) 
m mass of particle (g) 
Q charge of particle (C/cm2) 
r particle radius (cm) 
t  time (s) 
x horizontal displacement (cm) 
y vertical displacement (cm) 
K viscosity (g/cm.s) 
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1. Introduction 
The annual phosphate production in the U.S. is about 40 Mt and the Florida phosphate industry accounts for up to 85% of 
the U.S. production [1-2].  Beneficiation of Florida phosphate involves fatty acid-fuel oil flotation of the phosphate minerals 
followed by de-oiling with H2SO4 and quartz flotation using an amine collector.  This so called Crago double froth flotation 
process is used almost exclusively for the upgrading of phosphate in Florida.   Froth flotation is a separation process in 
water during which phosphate particles are rendered hydrophobic by the adsorption of fatty acids and consequently captured 
by air bubbles which ascend to the top of the pulp zone and eventually report to the froth product whereas hydrophilic 
particles such as quartz remain in the pulp and are discharged as tailings.  Although the Crago process is recognized as an 
efficient technology for removing siliceous impurities from phosphate, it is unable to produce high purity phosphate 
concentrate and is not effective for rejecting dolomite from phosphate.  Tremendous efforts have been made to enhance 
dolomite separation from phosphate using a variety of processes, including flotation schemes specially designed for 
dolomite removal, scrubbing, selective grinding, heavy medium separation, calcinations-digestion, etc. [3-8].  But none of 
these processes are capable of reducing the dolomite to less than 1% without a significant loss of phosphate.   Since the 
Bone Valley phosphate deposit in Florida is depleting and the high dolomite deposit in the Southern Extension will be 
mined in about ten years [3], it is of great technical and economic significance to the phosphate industry to develop a 
process that can efficiently separate dolomite from phosphate. 
This study was carried out to evaluate the feasibility of an innovative rotary triboelectrostatic separation technology 
(RTS) for beneficiation of dolomitic phosphate samples without use of any chemicals or water.  The RTS technology is 
based on differential surface charge acquired between phosphate and gangue minerals such as dolomite and quartz upon 
their mutual contacts or frictions with a charging medium or charger followed by separation in an external electric field that 
results from different motion trajectories for different particles.  Parametric phosphate separation tests have been performed 
using the RTS separator to investigate the effects of the process variables such as feed rate and applied charger potential on 
phosphate beneficiation performance.   
2. Process principle 
Triboelectrostatic separation is a dry separation process based on the fact that when two particles are rubbed against each 
other, the particle with higher work function becomes negatively charged and the other positively charged [9-12].  The work 
function I is defined as the minimum energy which must be supplied to extract an electron from a solid.  It is a measure of 
how tightly electrons are bound to a material.  The charged particles are subsequently separated in an external electric field 
as a result of their different motion trajectories.  Figure 1 schematically illustrates both particle-particle and particle-charger 
charging mechanisms and how charged particles are subsequently separated in an electric field. 
                                         Fig. 1. Tribocharging and separation mechanisms. 
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The particle charging process is the critical step for the triboelectrostatic separation since the separation efficiency is a 
function of the difference in charge polarity and magnitude of different particles.  The design of the charger essentially 
determines the charge density on particle surface and the process cost [13-19].  The charge density achieved with 
conventional pneumatic chargers (including tubing charger, cyclone, honeycomb, static mixer, etc.) and belt charger is 
about 5~8u10-6 C/m2 [20] while the theoretical limit for charge is 2.63u10-5 C/m2.  Clearly, there is huge potential in 
improvement of charging efficiency. 
 
Fig. 2. Illustration of the separator chamber 
 
A separation zone shown in Figure 2 can be used to describe moving particle trajectories in an electric field where x 
represents the horizontal direction and y the vertical direction.  When a charged particle enters the electric field, its 
trajectory is governed by the momentum of the gas flow and gravity in addition to the electric force [21-22].  It deflects to a 
positive or negative electrode, depending on its charge polarity.   
If the high voltage electrodes are mounted vertically as shown in Figure 2, the electrostatic force will accelerate the 
particles horizontally [23-24].  The particle residence time, i.e., the time for particle traveling through the separation 
chamber, is controlled by the particle vertical motion.  However, the horizontal particle motion is controlled by electric field 
deflection.  The law governing the horizontal displacement, x , of the moving particle is:   
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where m is the mass of particle, x the horizontal displacement vector, t the time, E
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charge of particle.  The charge-to-mass ratio q/m is referred to as particle specific charge.  It is a very important parameter 
for the motion of the particle in the electrostatic separation process. 
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Under these conditions, the terminal horizontal speed is independent of the mass.  However, since time t is in the range 
of milliseconds, the mass does play an important role in determining the horizontal motion of the particle, and therefore the 
resultant trajectory which affects the separation performance. 
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Particle motion in the vertical direction is influenced by gravitational force and gas drag force.  The governing equation 
is: 
 g
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KS ,  (5) 
where K is the dynamic viscosity of gas and g is the gravitational acceleration. 
 
For the initial conditions of t = 0, y(0) = 0, and dy(0)/dt = V0, Equation (5) can be solved as 
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where 
m
r6B KS .  The particle trajectories can be obtained from Equations (4) and (6) under given conditions.  Figure 3 
shows typical trajectories for negatively charged particles of different sizes.  They deflect right to the positive electrode and 
can be readily separated from positively charged metal particles which deflect left to the negative electrode. 
Fig.  3.  Trajectories of particles of different sizes in an electric field. 
The particle trajectory is affected by particle charge, mass of particle, radius of particle, and electric field intensity, as 
indicated by Equations (4) and (6).  A larger difference in trajectories of different particles enhances separation efficiency.  
This may be achieved by use of higher electric field intensity and greater particle charge density.  However, the electric field 
intensity is limited by air ionization and is normally set at 300,000 – 500,000 V/m.  A potentially huge improvement in 
separation efficiency can be achieved by enhancing particle charge density, which is the advantage of the proposed research. 
3. Experimental 
3.1. Triboelectrostatic separation system 
A continuous laboratory rotary triboelectrostatic separator illustrated in Figure 4 was employed for this study.  It 
included a vibratory sample feeder, a rotary charger or charge exchanger, a separation chamber, an injection gas unit, and 
two high voltage DC supplies.  Samples were fed by the feeder into the rotary charger.  The rotary charger was made of 
copper and an electrical potential was applied to the rotating charger via a copper brush which was connected to the charger 
via a unique mechanism.  The rotary charger had dimensions of about 3” in diameter and 10 cm in length.  The separation 
system had an overall dimension of 15 cm (L) u 7.5 cm (W) u 125 cm (H) and a capacity of approximately 25 kg/h.  This 
technology has been protected internationally by a number of patents. 
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Fig. 4.  The laboratory triboelectrostatic separation system 
A small amount of transport gas was injected with the feed.  Gas-particle flow interacted with the rotary charger. Due to
particle-to-charger or particle-to-particle collisions, particles became charged negatively or positively, depending on their 
work functions.  Charged particles then passed through the separation chamber and reported to one of three cyclones
attached to the system. A honeycomb collimator was used to minimize turbulence and vibration electrodes were deployed to
reduce particle deposition in the separation chamber. One of the two high voltage sources in the system was for particle
charging and was attached to the rotary charger.  The other was for the separation of charged particles and is attached to the
separation chamber.  
3.2. Phosphate sample
A dolomitic phosphate pebble sample was acquired from a collaborating phosphate company in Florida.  Two (2) 5-
gallon buckets of sample was required for this project.  Once arrived, the pebble sample was crushed by use of a hammer
mill to about 85% -800 μm.  The phosphate sample was then thoroughly mixed and split into small lots for storage.  A
representative sample was taken for size distribution analysis.  Figure 5 shows the size distribution data for the crushed 
sample.  The crushed sample contained 90.36% -850 μm, 48.86% -300 μm, and 12.92% -25 μm.  The ICP analysis results
of the phosphate sample indicated that it contained approximately 22.6% P2O5 and 2.3% MgO.  Particle charge 
measurements were conducted with pure samples of quartz, phosphate, and dolomite acquired from Ward’s Minerals,
Rochester, NY. 
Fig. 5.  Size distribution of crushed dolomitic phosphate sample.
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3.3. Experimental parameters 
 
Particle charge measurements were performed with pure phosphate, quartz, and dolomite samples using Faraday cage 
that collects charged particles that pass through the rotary charging chamber. For phosphate beneficiation evaluation 
approximately 100 grams was processed in each experiment with feed rate controlled by the action of a vibratory feeder. 
Three products were collected from the first stage; namely R (concentrate), C (middling), and L (tailing). Typically, a two-
stage processing protocol was used. Each product from the first stage was further processed to generate nine final products.  
Unless otherwise specified, all separation tests were conducted using the copper charger and under the following conditions: 
charger rotation speed: 3000 rpm; injection air velocity: 2.5 m/s; co-flow air velocity: 3.1 m/s; feed rate: 20 lb/h; separation 
voltage: 22.5 kV; charger voltage: –2.5 kV; temperature: 24 °C.  Process parameters examined so far in this study included 
feed rate (10, 20, 30, 40, and 50 lb/h) and applied charger voltage (–5, –3, -1, 0, 1, 3, and 5 kV).  All samples were analyzed 
for P2O5, MgO and acid insoluble contents. 
4. Results and discussion 
4.1. Particle charge measurements 
 
Particle surface charge density is the most important parameter that determines the process efficiency of the 
triboelectrostatic separation.  The greater difference in surface charge density of different particles will result in a more 
efficient separation due to more pronounced difference in motion trajectory, as illustrated in Equations (4) and (6).  Charge 
measurements of -65 mesh or (-0.21 mm) quartz and phosphate particles in a Florida phosphate sample have been 
performed and results are shown in Figure 6.  As shown in Figure 6, the charge density was measured as a function of 
charger surface voltage which is an important feature of the proposed technology.  It should be noted that the charge density 
scale of the left ordinate for quartz is different from that of the right ordinate for phosphate.  When no external voltage is 
applied to the charger which is the case with the conventional triboelectrostatic separator, both quartz and phosphate 
particles are charged negatively.  Under this condition, an effective separation of phosphate from quartz is difficult or nearly 
impossible to achieve. By applying a positive voltage to the charger, the difference in the charge density is slightly 
increased.  In contrast, when a negative voltage is applied to the rotor, phosphate becomes positively charged while quartz 
remains negatively charged.  At -8600 V, phosphate surface charge density is 2.2×10-4 C/kg while quartz surface charge 
density is more than -0.3×10-4 C/kg.  The difference in charge density is greater than 2.5×10-4 C/kg.  Under this condition, 
the separation of phosphate from quartz is much more efficient, which has been confirmed by phosphate separation tests 
using the proposed triboelectrostatic process.     
Fig. 6. Charge density of quartz and phosphate particles as a function of rotor (charger) surface voltage. 
Figure 7 shows the surface charge density of phosphate and dolomite particles at different rotary charger voltage.  When 
the applied voltage is 0 V, which is the case with the conventional triboelectrostatic separator, the surface charge of 
phosphate and dolomite is almost identical, which means that it is nearly impossible to separate them using the conventional 
triboelectrostatic separator.  However, Figure 7 clearly indicates that differential charging of phosphate and dolomite 
particle can be accomplished readily if a potential or voltage is applied to the rotary charger.   At negative applied voltages, 
Rotor Surface Voltage, V
-10000 -8000 -6000 -4000 -2000 0 2000 4000 6000 8000 10000
Q
u
ar
tz
 P
ar
ti
cl
e 
C
h
ar
g
e,
 1
0-
6  
C
/k
g
-70
-60
-50
-40
-30
-20
-10
0
P
h
o
sp
h
at
e 
P
ar
ti
cl
e 
C
h
ar
g
e,
 1
0-
6 C
/k
g
-200
-100
0
100
200
Phosphate
Quartz
117 Ahmed Sobhy and Daniel Tao /  Procedia Engineering  83 ( 2014 )  111 – 121 
the dolomite particle became negatively charged while the phosphate became positively charged and the difference in
charge magnitude increases substantially as the applied voltage became more negative.  At positive applied voltages, the 
charge sign for two minerals is reversed but the difference in charge also increases considerably with increasing the voltage.
This provides an ideal condition for triboelectrostatic separation of dolomite from phosphate.  At -5000 V the difference in
charge density of phosphate and dolomite is more than 450 PC/kg, which is about three times the charge difference between
phosphate and quartz shown in Figure 6.  Thus, it can be expected that the separation of dolomite from phosphate with RTS
technology will be more efficient than that shown in Figures 7 and 8 for separation of quartz from phosphate 
To make sure the differential charge shown in Figure 7 is typical for dolomite, three dolomite samples from different 
sources were tested for their charging behavior. The results are shown in Figure 8 as a function of applied rotary charger 
voltage.  Figure 8 confirms that all three dolomite samples are charged similarly and they can be efficiently separated from 
phosphate when the rotary charge is applied to a positive or negative voltage during charging.
Fig. 7.  Differential charging of phosphate and dolomite at different rotary charge voltages.
Fig. 8.  Charge density of three dolomite samples at different rotary charge voltages.
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4.2. Phosphate beneficiation performance 
Phosphate beneficiation experiments have been conducted with the RTS system under different feed rates and different 
rotary charger potentials.  Figure 9 shows the results of concentrate P2O5 recovery vs. concentrate P2O5 grade at different 
feed rates obtained with the crushed pebble sample.  Since the feed P2O5 grade shown in Figure 9a varied to some extent 
from test to test, the normalized P2O5 grade, defined as the ratio of concentrate grade to feed grade, was used in Figure 9b. 
Figure 9b clearly shows that as the feed rate increased from 10 to 20 lb/h, the separation performance improved.  This can 
be attributed to more efficient particle-particle charging mechanism at a higher feed rate.  However, a further increase in 
feed rate resulted in less efficient separation, possibly due to increased mutual interferences of different particles in the 
separation chamber that affected the motion trajectory.  The best phosphate concentration was achieved at a feed rate of 
20lb/h.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Effects of feed rate on concentrate P2O5 recovery vs. concentrate P2O5 grade 
 
 
 
 
 
 
 
 
Fig. 10. Effects of feed rate on concentrate P2O5recovery vs. concentrate MgO grade 
Figure 10 shows the concentrate P2O5 recovery as a function of concentrate MgO content at different feed rates.  
Obviously feed rate affected the MgO removal efficiency and the optimum feed rate was 20 lb/h, consistent with the data 
shown in Figure 9.  The lowest concentrate MgO content of 1.8% was produced by the RTS process at 47% P2O5 recovery 
when feed rate was 20 lb/h.  It is believed that more efficient MgO rejection can be achieved with finer feed size since SEM 
images have indicated that MgO is not fully liberated at 85% -800 Pm. 
 
b 
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Figure 11 shows the effects of applied rotary charger potential on the curve of P2O5 recovery as a function of concentrate 
P2O5 grade. Applying a negative potential was more effective in improving the separation performance than applying 
positive potential, which is consistent with the charge measurement data shown in Figure 6.  The optimum potential appears 
to be -3 kV 
 
Fig. 11. Effects of applied rotary charger potential on concentrate P2O5 recovery vs. concentrate P2O5 grade 
 
Fig. 12. Effects of applied rotary charger potential on concentrate P2O5recovery vs. concentrate MgO grade 
Figure 12 shows the curves of P2O5 recovery as a function of concentrate MgO grade at different applied rotary charger 
potentials.  Obviously, the applied charger potential had significant impacts on the concentrate MgO grade.  In view of data 
shown in Figure 11 and Figure 12, it can be reasonably concluded that an applied potential of -3 kV is the optimum value at 
which concentrate P2O5 grade is maximized while the MgO content is minimized. 
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Figure 13 shows the separation performance curve of P2O5 recovery vs. acid insoluble rejection with a 16-150 mesh 
phosphate flotation feed samples with about 10% P2O5 grade.  The fact that the separation curve is very close to the upper 
right corner, which represents a very efficient separation, clearly indicates that the proposed technology separated quartz 
from the phosphate very efficiently.  For example, about 85% quartz is rejected at a P2O5 recovery of 90% with a resultant 
concentrate with approximately 25% P2O5.  The result is far better than those reported in literature with a traditional 
triboelectrostatic separator [19].  Figure 14 shows the RTS separation performance with a phosphate flotation concentrate 
sample that was used as the feed to RTS.  Obviously, RTS can further upgrade the flotation concentrate from 31.7% P2O5 to 
more than 35% P2O5 with a recovery of approximately 82%.  This performance also confirms that RTS is substantially more 
selective and efficient than froth flotation process which failed to generate a concentrate with 33% P2O5. 
Fig. 13. RTS separation performance curve with flotation feed phosphate sample.
Figure 14. RTS separation performance curve with phosphate flotation concentrate sample. 
5. Conclusions 
Based on the above experimental results on particle charge measurements and phosphate beneficiation, the following 
conclusions can be drawn: 
1. The RTS technology is a triboelectrostatic separation process with unique features and is effective in concentrating 
phosphate by increasing P2O5 grade and reducing MgO content. 
2. Applying a negative potential to the rotary charger greatly enhances differential charging of phosphate, quartz, and 
dolomite. 
3. More efficient concentration of phosphate was achieved with 16-150 mesh phosphate flotation feed and flotation 
concentrate than the ground pebble.  It is believed that particle size distribution and liberation degree play important 
roles in determining the efficiency of RTS technology. 
4. The RTS technology can upgrade a flotation concentrate from 31.7% P2O5 to more than 35% P2O5 with a recovery 
of approximately 82%, a better separation performance than froth flotation. 
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5. Feed rate and applied charger potential are two important process parameters for the RTS technology.  Effects of 
other process variables have to be investigated to optimize the process performance. 
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